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Abstract. We report on the realization of an ultracold (< 25 µK) mixture of rubidium (87Rb) and
metastable triplet helium (4He) in an optical dipole trap. Our scheme involves laser cooling in a dual-species
magneto-optical trap, simultaneous MW- and RF-induced forced evaporative cooling in a quadrupole mag-
netic trap, and transfer to a single-beam optical dipole trap. We observe long trapping lifetimes for the
doubly spin-stretched spin-state mixture and measure much shorter lifetimes for other spin-state combi-
nations. We discuss prospects for realizing quantum degenerate mixtures of alkali-metal and metastable
helium atoms.
1 Introduction
Ultracold mixtures of distinct atomic species serve for
many scientific goals: sympathetic cooling of atomic
species for which evaporative cooling is inefficient [1,2,3],
creation of ultracold polar molecules [4], exploring many-
body physics in quantum degenerate Bose-Bose, Bose-
Fermi and Fermi-Fermi atomic mixtures [5,6,7], studying
impurities immersed in Bose or Fermi gases [8,9,10,11],
heteronuclear few-body physics [12,13], and testing uni-
versality of free-fall [14].
Most mixtures of chemically distinct atomic species
consist of alkali-metals: Li+Na [1], Li+K [6,15,16],
Li+K+Rb [17], Li+Rb [18], Li+Cs [19,20,21], Na+K [22],
Na+Rb [23], K+Rb [2,24,25], K+Cs [26], Rb+Cs [27,28].
These experimental efforts laid the foundation of the cre-
ation of ultracold heteronuclear ground-state molecules,
which posses a large permanent dipole moment: KRb [4],
RbCs [29,30], NaK [31] and NaRb [32]. Another example
is the observation of successive Efimov states in Li+Cs [12,
13], benefiting from the largest possible mass ratio within
the alkali-metal group. In most of these cases preparation
in an optical dipole trap [33] is essential, in particular to
allow for tunable interaction and magneto-association by
means of magnetically induced Feshbach resonances [34].
Recently also mixtures of alkali-metal and Yb or Sr
atoms have become available: Rb+Yb [35,36], Li+Yb [7,
37,38], Rb+Sr [39], and efforts towards Cs+Yb [40]. Here
the main interest comes from the doublet 2Σ+ molecular
ground state potential that gives rise to both electric and
magnetic tunability of the associated molecules, in con-
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trast to the singlet 1Σ+ ground state potential of bialkali-
metal molecules. However, for these systems only very nar-
row Feshbach resonances are expected [41,42,43], and so
far no resonance has been observed. This has triggered
work towards mixtures involving metastable Yb(3P2) [44,
45], for which broader resonances are expected, however
accompanied with strong inelastic two-body losses [46,47].
Here we have realized an optically trapped, ultracold
mixture of an alkali-metal and helium in the metastable
2 3S1 state (He
∗). Ultracold mixtures of alkali-metal atoms
and fermionic 3He∗ or bosonic 4He∗ provide new Bose-
Bose, Bose-Fermi and Fermi-Fermi mixtures, with an ex-
tended range of possible mass ratios. The scattering prop-
erties of He∗+alkali-metal collisions are described by a
shallow quartet 4Σ+ potential and a deeper doublet 2Σ+
potential. Accurate ab initio calculations of the quartet
4Σ+ potentials and the corresponding quartet scattering
lengths have recently become available for Li, K, Na and
Rb [48], and while most of the doublet 2Σ+ potentials have
been studied experimentally and theoretically in the past
(see e. g. [49,50,51,52,53]), the doublet scattering lengths
are unknown. Importantly, the large internal energy of
19.8 eV of He∗ leads to Penning ionization (PI):
He(23S1) + A(
2S1/2)→ He(1
1S0) + A
+(1S0) + e
−, (1)
resulting in trap loss. Fortunately, PI is suppressed for
pure quartet scattering due to spin-conservation, which is
essential for realizing a stable ultracold mixture. This re-
quires He∗ and the alkali-metal atom to be both prepared
in either the low-field or high-field spin-stretched spin-
state. For other spin-state combinations, relevant for Fes-
hbach resonances, the PI loss rate depends on the amount
of doublet character of the particular entrance channel.
A crucial assumption here is that the first excited (non-
spin-singlet) A+ state is energetically not available, which
is true for all alkali-metal atoms except Cs.
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Fig. 1. (Color online) Ground state Zeeman splitting diagram
of 87Rb (blue) and 4He∗ (red-dashed) showing the possible dif-
ferent spin-state combinations that can be prepared. Also de-
picted in the diagram is the difference in the Zeeman splitting
between He∗ (2µBB) and Rb (µBB/2) allowing the possibil-
ity to transfer He∗ atoms between the Zeeman states using
RF without affecting Rb. The hyperfine splitting between the
f = 2 and f = 1 states of 87Rb is 6.835 GHz and a MW sweep
is used to transfer Rb atoms between these states.
Our experiment involves an ultracold mixture of
4He∗+87Rb, for which dual-species laser-cooling and trap-
ping was first achieved by the Truscott group [54]. Mag-
netic trapping of the stable, doubly spin-stretched spin-
state combination |ms = +1〉4He∗ + |f = 2,mf = +2〉87Rb
(see Fig. 1) has also been reported [55,56], providing up-
per limits of the PI loss rate for quartet scattering on the
order of 10−12 cm3s−1, and revealing a small quartet scat-
tering length in agreement with ab initio calculations [56,
48].
We have recently reported on measurements of the
two-body loss rate coefficients for different spin-mixtures
in the optical dipole trap, which are compared with pre-
dictions of multichannel quantum-defect theory [57]. In
this article, we focus on the experimental realization of
the ultracold mixture in the optical dipole trap, giving
a detailed discussion on the different preparation stages
and emphasize the challenges of the mixture compared
to the single-species situation. Finally, we present lifetime
measurements, comparing the doubly spin-stretched spin-
state with the energetically lowest spin-state combination
|ms = −1〉4He∗ + |f = 1,mf = +1〉87Rb, and outline the
consequences for dual-species quantum degeneracy and
Feshbach spectroscopy.
2 Experiment
Details of our experimental setup have been given in
Ref. [56] wherein we describe our interspecies thermaliza-
tion measurement in a magnetic trap, Ref. [58], in which
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Fig. 2. (Color online) Summary of the loading scheme for the
preparation of the ultracold mixture of 87Rb and 4He∗ in an
optical trap. Shown are the magnetic field gradient, MW and
RF frequencies, and ODT power corresponding to the different
trapping stages. Typical MOT loading time tMOT of He
∗ is less
than 1 s and the QMT ramp down duration trd is between 0.5
to 2 s.
we implement a hybrid trap (single-beam optical dipole
trap combined with a weak quadrupole magnetic trap)
to achieve Bose-Einstein condensation of 87Rb and Ref.
[59], where we demonstrate the production of 4He∗ Bose-
Einstein condensates in a single-beam optical dipole trap.
In this paper, we focus on the scheme that is relevant for
simultaneous loading of the two atomic species in an op-
tical dipole trap. We start by loading both species in a
three-dimensional magneto-optical trap (3D-MOT), after
which the mixture is further cooled in an optical molasses
(OM). After optical pumping (OP) to the desired low-
field seeking doubly spin-stretched spin-state, the sample
is transferred to a quadrupole magnetic trap (QMT) for
further evaporative cooling using microwave (MW) and
radiofrequency (RF) for Rb and He∗, respectively. Finally,
the sample is loaded into a single-beam optical dipole trap
(ODT) using a hybrid trap (HT) as an intermediate stage.
A summary of the loading scheme starting from the MOT
stage towards the ODT is illustrated in Fig. 2.
In the following subsections, we briefly describe the dif-
ferent stages involved in the preparation of our ultracold
mixture and discuss important issues regarding simultane-
ous loading as compared to our single-species experiments
[58,59] and previous mixture experiment [56]. We also de-
scribe our simultaneous detection scheme and explain the
preparation of different spin-state samples using MW and
RF frequency sweeps. An overview of the Zeeman states
is given in Fig. 1.
2.1 Two-species MOT
Our 3D-MOT consists of three 2-inch retro-reflected
beams containing the cooling light of both species. Chang-
ing from 1-inch [56,58] to 2-inch 3D-MOT beams was
motivated by the fact that sympathetic cooling of He∗
with Rb is not efficient, therefore forced evaporative cool-
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ing is required and thus the need to start with sufficient
He∗ atom number. An order of magnitude improvement
is observed in the He∗ 3D-MOT atom number as already
reported in Ref. [59]. Correspondingly, the Rb 3D-MOT
atom number also improves by at least a factor of three
compared to Ref. [58].
The quadrupole magnetic field is derived from a pair
of coils in anti-Helmholtz configuration, and the magnetic
field gradient is 10 G/cm along the weak axis. The total
3D-MOT incoming power for Rb is around 20 mW and the
light is detuned by -20 MHz with respect to the laser cool-
ing transition (natural linewidth is 6 MHz). For He∗, the
light is detuned by -33 MHz, about 20 times the natural
linewidth of 1.6 MHz, to reduce light-assisted intraspecies
Penning ionization loss [60,61,62]. The total incoming 3D-
MOT power is around 30 mW. We deliver these beams to
the setup via polarization maintaining (PM) fibers where
we couple the 3D-MOT beams of the two species in the
same fiber using dichroic mirrors. Rb atoms are loaded
from a 2D-MOT with two distinct pushing beams [56,63]
and He∗ atoms are loaded from a Zeeman slower. We first
load the Rb atoms in 30 s followed by He∗ loading typ-
ically in less than 1 s. To minimize the continuous flux
of ground state He (metastable to ground state fraction
is 10−4), an in-vacuo shutter is introduced between the
source and the Zeeman slower, which is only open during
the He∗ loading. Typically, we lose between 15 to 20% of
the Rb atoms in the 3D-MOT due to the combined effect
of background collisions with thermal ground-state and
metastable He atoms. At the end of this stage, we have at
least 3×109 (Rb) and 3×108 (He∗) atoms at a tempera-
ture of a few hundreds of µK (Rb) and 1 to 2 mK (He∗),
respectively. After loading the two atomic species, we com-
press the sample by abruptly increasing the gradient to
19 G/cm while the detunings are ramped to −15 MHz
(Rb) and −5 MHz (He∗) in 10 ms (cMOT stage). After-
ward, the 3D-MOT gradient is switched off and the power
of the 3D-MOT beams is reduced by almost a factor of 10
for further cooling in the OM stage. However, the power
imbalance between the incoming and reflecting 3D-MOT
beams limits the allowed duration of the OM stage in or-
der for the clouds not to deviate too far from the center of
the QMT. To compensate for this, we offset the alignment
of the 3D-MOT beams with respect to the QMT center
such that at the end of the OM, the clouds coincide with
the position of the QMT. After a 5 ms OM stage, we apply
simultaneous OP (around 150 µW each) on both species
for a duration of 1 ms in order to prepare the sample in
the doubly spin-stretched spin-state before transferring to
the QMT for further cooling.
2.2 Simultaneous evaporative cooling in the QMT
For magnetic trapping, we have used the same coils to cre-
ate the quadrupole magnetic trap as used in the 3D-MOT.
After the OP stage, we abruptly increase the gradient to
66 G/cm and stay for 100 ms in order to facilitate the ini-
tial transfer to the QMT. The gradient is then ramped up
to 120 G/cm in 1 s. We typically transfer about 30 to 40%
Fig. 3. (Color online) He∗ (red circles) and Rb (inset) tem-
peratures as function of atom number during the evaporative
cooling in the QMT. Solid lines are double-logarithmic fits that
include only the first few points indicating the efficiency of the
evaporation process. Data are measured in a single-species ex-
periment.
of the atoms of both species from the 3D-MOT into the
magnetic trap. Since sympathetic cooling is not efficient
due to the small interspecies scattering length and large
mass ratio [48,56], we perform simultaneous MW-induced
(Rb) and RF-induced (He∗) forced evaporative cooling
in the QMT. To generate the MW frequencies, we use
a 6.8 GHz phase-locked oscillator (Amplus PLO) mixed
with the frequency doubled output of a tunable 80 MHz
signal generator. After a series of filtering and amplifica-
tion stages, we send between 1 to 2 W of power to a MW
horn. For the RF, we also use a tunable 80 MHz signal
generator that is frequency doubled. We send around 5 W
to an RF coil after a series of amplification stages.
The lowest temperature that can be achieved by evap-
orative cooling in a QMT is limited by Majorana loss and
heating. The Majorana effect scales inversely with mass
[64,65] and is more pronounced for light atomic species
such as He∗. In Fig. 3, we show the measured temperature
and number of atoms of He∗ and Rb during the evapora-
tion process in the QMT. It is clear that the efficiency
of the evaporative cooling for He∗ starts to go down at
a much higher temperature (150 µK) as compared to the
heavier Rb (below 50 µK). The data suggest that the low-
est temperature that can be achieved for He∗, while main-
taining sufficient number of atoms, will be higher than
for Rb. This temperature difference has to be taken into
account during the simultaneous evaporative cooling be-
cause the overall efficiency of the evaporation process in
the QMT will be affected by the interplay between the
Majorana heating and interspecies thermalization. Gener-
ally, this means that we want to keep the temperatures of
the two species as close as possible to minimize heating of
Rb due to interspecies thermalization with the hotter He∗
atoms. An example of such a scenario is shown in Fig.
4. The increasing trend in the He∗ temperature is due
to Majorana heating. There is no significant difference in
the He∗ temperature with or without the presence of the
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Fig. 4. (Color online) Time evolution of He∗ and Rb (inset)
temperatures after the final stage of the evaporative cooling
in the QMT. Solid lines are a guide to the eye. The increasing
He∗ temperature is due to the Majorana heating. In the case of
Rb, wherein the Majorana heating is still negligible (at least
an order of magnitude slower than He∗ as exhibited in the
green data), the temperature increase (blue data) is due to
thermalization with the higher temperature He∗.
Rb atoms. This is because Majorana heating dominates
over the small effect of interspecies thermalization with
Rb atoms. On the other hand, for the colder Rb sam-
ple wherein the Majorana effect is still small, the inter-
species thermalization with hotter He∗ atoms dominates
and causes a noticeable increase in the Rb temperature.
Other important issues to be considered during the
simultaneous evaporation process are the MW and RF
frequencies. The MW (between 6.8 GHz to 7.0 GHz) used
for evaporative cooling of Rb will not affect the He∗ atoms
in the magnetic trap, but the RF (160 MHz and lower)
used for He∗ in principle can be in resonance with the Rb
atoms. However, the Zeeman splitting of 4He∗ is larger
than that of 87Rb (see Fig. 1), which is a general feature
in He∗+alkali-metal mixtures. For Rb in the |f = 2,mf =
+2〉 state, the trap depth given by the RF is a factor
of two larger than that for He∗, and therefore RF can
be selectively used for He∗. The condition that the MW-
truncated trap depth of Rb is lower than the RF-truncated
one is given by: νMW− νHFS < 3νRF, where νRF and νMW
are the RF and MW frequencies respectively, and νHFS is
the hyperfine splitting of Rb. For the two species to have
equal trap depths, the condition is νMW−νHFS = 3νRF/2.
During the initial transfer to the QMT, we send a fixed
νMW − νHFS=125 MHz and νRF=140 MHz. After 4 s of
thermalization and plain evaporation, we initiate forced
evaporative cooling of the mixture. We use a total evap-
oration time of 8 s, in which we ramp down νMW − νHFS
to 13 MHz and νRF to 16 MHz. These values correspond
to trap depths of 430 µK (Rb) and 800 µK (He∗). At the
end of the simultaneous evaporative cooling, we can have
a few 106 atoms for both Rb and He∗ at temperatures of
around 50 µK and 90 µK, respectively.
 = 1557 nm
P = 3.8 W
w
0
= 40 m
Fig. 5. (Color online) ODT trapping potentials along the ra-
dial (gravity) direction of He∗ (red) and Rb (blue). Note the
asymmetry of the Rb potential due to gravity and the higher
trap depth of He∗ due to the higher polarizability.
2.3 Transfer to single-beam ODT
Our ODT light has a wavelength λ = 1557 nm. A piezo-
controlled mirror is used to precisely align the ODT beam
with respect to the QMT center [58,59]. The ratio in the
polarizability of He∗ and Rb is 1.4 [66,67]. With the avail-
able ODT power of around 4 W and a waist of 40 µm,
the corresponding trap depths are around 200 µK (He∗)
and 140 µK (Rb), respectively. In Fig. 5, we show the
ODT potentials of 4He∗ and 87Rb for an ODT power of
3.8 W. The effect of gravity is noticeable for Rb by the
asymmetry of the trapping potential, leading to a slight
reduction of the trap depth. At low ODT powers, the dif-
ferential gravitational sag will lead to a separation of the
two clouds. Here, we stay at a high ODT power at which
this effect is negligible.
After evaporative cooling in the QMT, the mixture
is transferred to a hybrid trap (HT) by ramping down
the gradient of the QMT to the levitation gradient
(0.33 G/cm) of 4He∗ [59]. Here, we only use the HT as
a bridging stage to facilitate the transfer to the pure
ODT. Loading the mixture into the HT or ODT is not
as straightforward as in our single-species experiment [58,
59]. The difference in the initial conditions, such as tem-
perature and density, and the different properties such as
mass and polarizability imply different loading conditions.
Most of these parameters are coupled and difficult to dis-
entangle and investigate individually. Here, we focus on
parameters that are crucial in the simultaneous loading
and can be tuned in the loading scheme. In Fig. 6, we show
the number of atoms loaded in the ODT as a function of
the duration of QMT gradient ramp down, comparing Rb
and He∗. There is a clear difference in the duration for
optimum loading between the two atomic species. Ideally,
loading should be slow enough (adiabatic transfer), such
that the atoms can smoothly follow the transition from the
QMT to the ODT potential, as in the case of Rb, where
the optimum transfer is toward longer duration. This is
not surprising because we load Rb at a temperature that
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Fig. 6. (Color online) Normalized atom number showing the
loading of He∗ (red) and Rb (blue) into the ODT as a function
of the QMT ramp down duration. Solid lines are a guide to the
eye.
is much lower than the ODT trap depth. In fact, from
our single-species experiment, we already observe a satu-
ration in the loading of Rb above 2.5 W [58]. In the case
of He∗, the optimum transfer appears to be at a shorter
duration of the QMT ramp down. A plausible explanation
is because the temperature (limited by the Majorana ef-
fect) at which we load He∗ is just about half of the ODT
trap depth. Correspondingly, from the single-species ex-
periment we do not see a clear sign of saturation in the
loading [59]. Furthermore, during the QMT ramp down,
the He∗ cloud expands much faster than Rb due to the
higher temperature and smaller mass. Here, we hypothe-
size that the geometrical size of the cloud with respect to
the geometry of the ODT potential has a mismatch, limit-
ing to short duration for the QMT ramp down in the case
of He∗. On an absolute scale, we generally observe that the
transfer efficiency for Rb is higher than for He∗. In future
experiments, this can be improved by using higher ODT
powers at which the He∗ loading can be also saturated.
More general, aside from the small interspecies loss in
the MOT stage, there are no additional losses for He∗ as
long the mixture stays in the doubly spin-stretched spin-
state. For Rb, this is not the case particularly during the
evaporative cooling in the QMT wherein the He∗ atoms
can be a heat load for the Rb atoms as already discussed
in Sect. 2.2. Additionally, the flux of ground state He that
made it to the main chamber during the MOT loading also
introduces additional loss for the Rb atoms. These issues
are summarized in Fig. 7, where we plot the number of
Rb atoms loaded in the ODT as a function of He∗ MOT
loading time. For the blue circles, the He∗ atoms are only
introduced up to the MOT stage. Out of the total 50%
loss in the number of Rb atoms in the ODT, around 20%
can be accounted from the MOT stage (for a fully loaded
He∗) while the remaining 30% can be explained due to
background collisions during the QMT stage and transfer
to the ODT. For the green triangles, the He∗ atoms are
present up to the ODT stage. The additional loss in the
Fig. 7. (Color online) Rb atoms loaded in the ODT as a func-
tion of He∗ MOT loading time, comparing two situations. First
is with He∗ atoms loaded up to the MOT stage (blue circles).
Second is with He∗ atoms loaded up to the ODT stage (green
triangles). The corresponding He∗ atoms during MOT loading
is also shown (red squares). Solid lines are a guide to the eye.
number of Rb atoms is due to heating from the hotter He∗
atoms during the simultaneous evaporative cooling in the
QMT. Together with the QMT ramp down duration, we
use the He∗ MOT loading to tune the ratio in the atom
numbers of He∗ and Rb in the ODT. In our mixture ex-
periment, we typically load He∗ in the 3D-MOT between
0.4 s to 0.8 s while the QMT ramp down duration is be-
tween 0.5 s to 2 s. We can tune between (0.2-1)×105 atoms
for Rb and He∗ at temperatures around 15 µK (Rb) and
22 µK (He∗).
2.4 Dual absorption imaging and MCP detection
Standard absorption imaging is used to measure the atom
number and temperature of the samples. To save optical
access in our main chamber, we also couple the imaging
beams of the two species in the same fiber using a dichroic
mirror. To create the proper circular polarization, we im-
plement a 920 nm zero-order quarter waveplate. We use a
dichroic mirror to image the two clouds onto two different
cameras. For Rb, we use a CCD camera (QImaging Exi-
blue) with 6.45 µm pixel size. For He, we use an InGaAs
camera (Xenics Xeva 320) with a 30 µm pixel size. We use
a 2:1 (L1 = 30 cm and L2 = 15 cm) imaging to accommo-
date the size of the cloud onto the camera chip. Absorption
imaging of the two species can be done simultaneously.
This is essential, especially during the optimization pro-
cess, in which we can easily track the positions of the two
clouds when aligning the 3D-MOT beams to optimize the
OM stage and the subsequent transfer of the mixture to
the QMT.
Additionally for He∗, we also use a microchannel plate
(MCP) detector that is positioned below the trap cen-
ter (at angle 22◦ with respect to the direction of gravity)
to measure the time-of-flight (TOF) distribution. A mag-
netic gradient pulse from a single deflection coil is applied
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to direct the atoms onto the MCP detector [59]. TOF
signals of He∗ can also be obtained simultaneously with
Rb imaging. After the clouds are released from the ODT,
we first capture the images using ballistic expansions typi-
cally between 1 to 5 ms after which we apply the magnetic
gradient pulse.
Our experiments involve mixtures of different spin-
state combinations, for which state-selective detection is
essential. In the case of our MCP TOF detection, the ori-
entation of the deflection coil and the MCP position will
already suffice for the purpose. In principle, we can only
detect He∗ atoms in the |ms = +1〉 state. To detect atoms
in the |ms = −1〉 state, we apply an RF sweep that trans-
fers back the atoms to the |ms = +1〉 state. For Rb, we use
the repumping light during imaging to distinguish atoms
between the two hyperfine states |f = 2,mf = +2〉 and
|f = 1,mf = +1〉.
2.5 Preparation of different spin-states
To prepare a mixture of different spin-state combinations
in the optical dipole trap, we perform rapid adiabatic
transfer around a magnetic field of 2.5 G. For He∗, a
0.5 MHz RF sweep is applied to transfer the atoms be-
tween the Zeeman states. A 25 ms RF sweep of around 1W
transfers all of the atoms from the |ms = +1〉 to |ms =
−1〉 state. We confirm the transfer by applying a second
sweep that transfers back the atoms to the |ms = +1〉.
For Rb, a 70 ms MW sweep of 0.2 MHz is used to transfer
the atoms from the hyperfine state |f = 2,mf = +2〉 to
|f = 1,mf = +1〉. However, we only manage to transfer
50% of the atoms to the |f = 1,mf = +1〉, due to limited
MW power. We immediately send resonant light for 15 ms
to clean the remaining atoms in the |f = 2,mf = +2〉.
Among the various possible combinations, we work with
|ms = −1〉+ |f = 2,mf = +2〉 (single RF sweep on He
∗),
|ms = +1〉+ |f = 1,mf = +1〉 (single MW sweep on Rb)
and |ms = −1〉 + |f = 1,mf = +1〉 (MW sweep on Rb
followed by RF sweep on He∗). For the given magnetic
field, the RF sweep used for He∗ does not affect the Rb
atoms following a similar argument as described earlier in
Sect. 2.2.
3 Lifetimes in optical dipole trap
For measurements of trapping lifetimes, we ramp down
the QMT gradient in 2 s to allow for a smooth (and adi-
abatic) transfer. Afterward, we hold the mixture in the
ODT for 2.5 s to ensure thermalization of each species
before preparing a particular spin-state combination. We
need to measure the initial temperatures of both species
because the interspecies thermalization rate (0.01 s−1) is
absent on the experimentally relevant time scales. In here,
we can assume a constant temperature of each species
during lifetime measurements. We hold the mixture in
the ODT for a variable time and measure the remaining
atoms in the trap. We can measure both the remaining Rb
Fig. 8. (Color online) Remaining He∗ atoms in the ODT as a
function of hold time showing the stable spin-state combination
|ms = +1〉+ |f = 2,mf = +2〉 (black) and the shorter lifetime
spin-state combination |ms = −1〉 + |f = 1, mf = +1〉 (red).
The initial Rb atom numbers are NRb = (8.6 ± 0.7) × 10
4 for
|ms = +1〉+ |f = 2, mf = +2〉 and NRb = (4.5± 0.8)× 10
4 for
|ms = −1〉+ |f = 1, mf = +1〉. The approximately factor two
difference in the initial Rb number is due to the MW transfer
efficiency. Solid lines are numerical fit from the solution of Eq.
2, from which the two-body loss rates are obtained.
and He∗ atoms simultaneously from the absorption imag-
ing (Rb) and MCP TOF detection (He∗). However, the
signal-to-noise ratio from MCP detection is better than
from absorption imaging. In this regard, our analysis of
trap loss is based mostly on He∗ MCP data and we only
use the Rb data as a counter-check [57].
We measure a long trapping lifetime for the doubly
spin-stretched spin-state |ms = +1〉 + |f = 2,mf = +2〉
mixture (see Fig. 8, black circles). We observe short life-
times of a second to a few seconds for the other spin-
state combinations, for which Penning ionization is spin-
allowed. An example is also shown in Fig. 8 (red circles)
for the case of |ms = −1〉+ |f = 1,mf = +1〉.
To extract the interspecies two-body loss rates L2 of
the different spin-state combinations, we fit the trap loss
data with the numerical solution of the two coupled equa-
tions,
d
dt
Ni = −ΓiNi − L2
∫
ni(r)nj(r)dr, (2)
where i or j can be assigned interchangeably to He∗
or Rb, N is the atom number, Γ is the one-body loss
rate, n(r) = n0 exp[−U(r)/kBT ] is the density, n0 =
N/
∫
exp[−U(r)/kBT ]dr is the peak density and U(r) is
the trapping potential wherein the contribution due to
gravity is included. The one-body loss rates Γ are mea-
sured independently. Intraspecies two- and three-body loss
processes, including homonuclear Penning ionization, can
be fully neglected for the chosen spin-states under our
conditions [68,69,70].
For the loss rate in the stable |ms = +1〉+|f = 2,mf =
+2〉 mixture, we do not observe a significant difference
compared to the single-species measurement, which sug-
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Fig. 9. (Color online) Doublet character ϕD as function of
magnetic field for the energetically lowest spin-state combina-
tion |ms = −1〉 + |f = 1, mf = +1〉, comparing
4He∗+87Rb
(blue) and 4He∗+41K (red). Horizontal dashed line corresponds
to ϕD = 1/6 and the dashed colored lines give the asymptotic
B−2 dependence.
gests that it is only limited by background collisions. We
obtain an upper limit in the total two-body loss rate,
L2 = 1.3× 10
−12cm3s−1, similar as previous upper limits
obtained from magnetic trap experiments [55,56].
For the other spin-state combinations, we obtain rel-
atively large L2 coefficients on the order of 10
−11 −
10−10cm3s−1 [57]. For the energetically lowest spin-state
combination |ms = −1〉 + |f = 1,mf = +1〉, for which
Penning ionization is the only possible two-body loss
process, we obtain L2 = 5.3
+2.0
−1.7 × 10
−11cm3s−1. This
value is not far from the universal rate constant L2 =
4.5× 10−10cm3s−1 [71], if one takes into account an addi-
tional factor that represent the amount of doublet charac-
ter (ϕD), of the particular spin-state combination, which
at small magnetic fields is 1/6 in this case. This observa-
tion suggests that at high magnetic fields, where for this
spin-state combination ϕD goes to zero, two-body loss will
be reduced. The magnetic field dependence of ϕD is given
in Fig. 9, showing the case of 87Rb and 41K. The transi-
tion from a constant ϕD = 1/6 to a decreasing ϕD ∼ B
−2
occurs at a magnetic field that scales with the hyperfine
splitting. Thus, while this effect occurs for 87Rb at rather
high magnetic fields, for 41K, which has the lowest hyper-
fine splitting of 254 MHz, this effect can be observed at
experimentally feasible magnetic fields.
4 Conclusions and prospects
In conclusion, we have realized an ultracold, optically
trapped mixture of 87Rb and 4He∗ atoms. We have demon-
strated simultaneous RF-induced (He∗) and MW-induced
(Rb) forced evaporative cooling in the quadrupole mag-
netic trap. We have measured a long trapping lifetime for
the doubly spin-stretched spin-state combination exhibit-
ing a strong suppression of Penning ionization loss. Real-
izing a dual-species BEC is in principle possible using this
spin-state combination. Here, it is crucial to compensate
(or control) the differential gravitational sag that leads to
separation of the two clouds due to the huge mass ratio
between Rb and He∗. Among the possible solutions are
the application of special optical dipole trap geometries
that allow for strong vertical confinement in a shallow
trap (see e. g. [6]), or the addition of an optical dipole
beam that selectively supports the heavy species [72]. An-
other approach is to add a magnetic field gradient that
will provide an additional species-dependent force [73].
Realizing a BEC of 87Rb or 4He∗ in a single-species
preparation is relatively straightforward using our exist-
ing hybrid trap or single-beam ODT scheme [58,59]. How-
ever for the mixture preparation, constraints as outlined
in this paper limit the transfer efficiency (and thus the
initial phase-space density: at least an order of magnitude
smaller compared to our single-species preparation) into
the hybrid trap or single-beam ODT. The main issue is
the Majorana effect that limits the lowest achievable tem-
perature for He∗ in the magnetic trap. This is not a fun-
damental limit but rather an experimental consequence of
using a QMT, and not present in an Ioffe-Pritchard type
of magnetic trap. Another approach is to use higher ODT
powers that provide higher trap depths, such that it is not
necessary to push the evaporative cooling towards lower
temperature in the QMT [74]. For the case of Rb and He∗,
we estimate that an ODT power of around 10 W will al-
ready provide sufficient transfer (a few 106 atoms at tem-
peratures below 30 µK) in the HT or single-beam ODT
for evaporative cooling towards dual quantum degeneracy.
Using an analogous experimental scheme as described
in this paper (i.e. simultaneous MW (alkali-metal) and
RF (He*) evaporative cooling), ultracold bosonic 4He∗
and bosonic alkali-metal mixtures all seem possible. For
the fermionic alkali-metal atoms, the cooling strategy will
rely on sympathetic cooling with 4He∗ and thus depend
on a favorable interspecies quartet scattering length [48].
Similarly, for fermionic 3He∗ and bosonic alkali-metal mix-
tures, realizing two-species quantum degeneracy also de-
pends on the quartet scattering length. In here, 4He∗ can
also be introduced to sympathetically cool 3He∗ [75]. Fi-
nally, for 3He∗ and fermionic alkali-metal mixtures, sym-
pathetic cooling with a third species is required which can
either be 4He∗ or another bosonic alkali with favorable
quartet scattering length.
Feshbach resonances are in principle possible due to
the hyperfine coupling between the doublet and quar-
tet interaction potentials. This requires a mixture in a
spin-state combination other than the purely quartet dou-
bly spin-stretched spin-state and is thus accompanied by
strong two-body loss, which limits the scattering length
tunability around the Feshbach resonance [76] and the
observation of (enhanced) three-body recombination loss.
Still, Feshbach spectroscopy can be performed, as we ex-
pect a modification of the Penning ionization loss rate
around the Feshbach resonances due to coupling between
the doublet and quartet interaction potentials.
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